ABSTRACT
Introduction
Renal IRI contributes to the quality of a kidney graft, which has a direct association with the survival of the recipient. A major factor for the success of a kidney graft is the warm ischemic time (WIT). Uric acid is an end-product of adenosine triphosphate (ATP) metabolism. During a long period of ischemia, a series of oxidation-reduction reactions occur whereby ATP is successively degraded to adenosine, inosine, xanthine, and hypoxanthine, while xanthine dehydrogenase is converted to xanthine oxidase (XO) when exposed to ischemia-induced cellular calcium overload 1 .
In the reoxygenation of ischemic tissues, many types of reactive oxygen species (ROS) accumulate in renal tubular and vascular endothelial cells. ROS can 'attack' cells and affect renal function. Several previous studies have reported that some inhibitors of XOX (e.g., allopurinol) and other antioxidant agents can have a protective effect on injury induced by renal ischemia reperfusion [2] [3] [4] .
Some other studies have proposed that ischemic reperfusion injury is not caused by XOX-generated ROS reoxygenation. Recent studies have suggested that the initial damage to cells along with the activation of inflammatory signaling are involved the release of endogenous damage-associated molecular pattern (DAMP) signaling molecules from damaged/ischemic cells or IRI tissues. High mobility group box 1 (HMGB 1), a known DAMP molecule, can trigger cell-mediated inflammatory responses by enhancing the expression of TLR4 and increasing reactivity to it and other DAMP molecules 5 . HMGB1 was considered to be a novel key molecule during the IRI after KTx 6 . After it is released, HMGB1 protein can bind to its receptors that are expressed on effector cells to induce inflammation, cell proliferation, and chemotaxis, thereby acting as a bridge between the innate and adaptive immune responses 7 . HMGB1
is a multi-functional regulatory molecule that can be actively secreted in response to endogenous inflammatory stimuli (e.g., TNF-α). Extracellular HMGB1 can activate NF-κB and induce the translocation of other nuclear translocation, which results in increased release of additional pro-inflammatory cytokines, such as TNF-α, IL-6, and HMGB1 itself via a positive feedback loop that involves NF-κB acting on its own target receptors 8 . The signaling pathways upstream and downstream of HMGB1 remain unknown. Considering the multiple roles of HMGB1 in various pathologies, inhibition of HMGB1-mediated signaling may represent a potential effective therapeutic approach 7 . The study of
Rabadi and colleagues showed that UA, which is considered to be an additional early response-signaling molecule both in vitro and in vivo, could induce the secretion of HMGB1 by endothelial cells 9 .
Allopurinol is a XOX inhibitor and antioxidant free radical scavenger, which is administered as a medication that is primarily used to treat excess uric acid (UA) in the blood and reduce its associated complications, including chronic gout. High-dose allopurinol can improve endothelial function by profoundly reducing vascular oxidative stress 10 . Its adaptive metabolite, oxypurinol, can provide some protection against I/R injury by suppressing the production of ROS and Ca 2+ overload 11 . Allopurinol has been reported to attenuate reperfusion injury in various organs 12 . Moreover, tubular cell apoptosis has been found to be a major factor involved in the mechanism of renal IR injury 13 . Therefore, therapeutic approaches aimed at suppressing inflammatory responses and tubular apoptosis have been recognized to represent effective measures that may act to prevent renal injury and offer better prognosis after an I/R insult 14 .
UA released after IRI can mediate the acetylation and release of HMGB1 from endothelial cells by several mechanisms, so that administration of allopurinol may represent another way to relieve inflammation by inhibiting UA release and HMGB1 nuclear translocation. This study aimed to test the hypothesis that pretreatment with allopurinol may provide protective effects on renal IRI by inhibiting HMGB1 expression.
Methods
The animal experiments were performed according to the guidelines of the Chinese Council for Animal Care.
Male, adult Sprague Dawley (SD) rats (body weight, 250-300 g) were obtained from the Experimental Animal Center of the Medical College of Wuhan University (Wuhan, China). Animals were maintained at the Central Animal Facility of the Affiliated Renmin Hospital of Wuhan University. Rats were maintained under air-filtered, constant temperature (20-22°C) conditions in a light-controlled room (light for 7 a.m. to 7 p.m.), and were allowed free access to a standard diet.
Experimental protocol
Briefly, rats were anesthetized by intraperitoneal injection with pentobarbital (50 mg/kg). Rats were placed on an electric heating pad to maintain a body temperature of 37°C. A right nephrectomy was performed. The left renal artery and vein were blocked using a vascular clamp for 30 min to induce ischemia and the left kidney was reperfused for 72 h. Finally, all rats were killed.
Rats were separated into the following three groups. In Group 1, sham operated control rats (n=8) were subjected to right nephrectomy, but without the induction of left renal ischemia. In Group 2, ischemia/reperfusion (I/R) rats (n=8) were subjected to right nephrectomy and left renal ischemia for 30 min, followed by a 72 h reperfusion period. In Group 3, rats treated with allopurinol preconditioning + I/R (n=8), prior to I/R manipulation (as in group 2), were administered allopurinol 50 mg•kg -1 •day -1 (Sigma, St.
Louis, MO, USA) IP 15 for two weeks, as described previously 2 , and then were subjected to the same manipulations as group 2.
Serum assays
Rats were killed 72 h after reperfusion. Blood samples were obtained from the inferior vena cava to measure the concentration of urea nitrogen (BUN) and creatinine (Cr) before surgery. BUN and Cr in blood samples were analyzed using standard techniques with an Olympus AU 2700 Analyzer (Olympus Optical Co., Tokyo, Japan). Levels of MPO and SOD were detected using a standard procedure with a colorimetric activity assay kit (Beyotime, Nanjing, China).
Histological examination
The left kidney was excised 72 h after reperfusion. After excision, the kidney was fixed with 10% phosphate buffered formalin, paraffin embedded, and sectioned to a 4-mm thickness according to a standard procedure 16 . Sections were deparaffinized and gradually hydrated before they were examined by H&E staining. Morphological assessments were performed by an experienced renal pathologist who had not been informed of the experimental protocol. The Jablonski scoring system was applied for histopathologic assessments of I/R induced damage of the proximal tubules 17 .
Immunohistochemistry
Sections were prepared according to the manufacturer's guidelines for immunohistochemical assays (Gene Tech, Wuhan, China). Levels of HMGB1 protein expression in each group were analyzed and evaluated based on the staining intensity (negative, mild, or strong) by microscopy.
Western blotting
Proteins were extracted from kidney tissues according to standard protocols. In brief, protein samples were separated on 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels (40 μg/lane), and then were transferred to a nitrocellulose membrane (Bio-Rad). The membrane was blocked with 5% non-fat dry milk in TBS-T buffer, and then incubated with rabbit polyclonal anti-Bax (1:1000; Cell Signaling Technologies [CST], Danvers, MA, USA), Bcl-2 (1:1000; CST, CA), Caspase3 (1:1000; CST, CA), TGF-β1 (1:1000; CST, CA), HMGB1 (1:800; CST, CA), or Smad3 (1:2000; abcam, Cambridge, UK) antibody or mouse monoclonal anti-GAPDH antibody (1:1000; Santa Cruz, Dallas, TX, USA) overnight at 4°C. After extensive rinsing with TBS-T buffer, blots were incubated with HRP-conjugated anti-rabbit or anti-mouse secondary antibodies (Santa Cruz) and developed using an enhanced chemiluminescence system (ECL Kit; Pierce Biotechnology Inc., Rockford, IL, USA) and captured on light-sensitive imaging film (Kodak, Tokyo, Japan).
TUNEL staining
To detect apoptosis induced by ischemia, an in situ apoptosis detection kit (Promega, Madison, WI, USA) was used. The TUNEL assay was performed according to the manufacturer's instructions with several modifications. In brief, whole tissue samples were fixed in 4% paraformaldehyde/PBS (pH 7.4) solution at 4°C overnight. After three washes with 1× PBS solution, samples were immersed in 70% ethanol for at least 24 h at 20°C. After the samples were again washed three times with 1× PBS, they were incubated with permeabilization buffer for 15 min on ice and followed by a PBS wash. Then, samples were transferred into 50 mL Reaction Buffer (TdT Enzyme 5 mL + Labeling Safe Buffer 45 mL) for a 90-min incubation at 37°C. The labeling procedure was stopped by washing with PBS solution. Staining results were analyzed based on the percentage of cells with positive TUNEL staining that were called using American Image-Pro Plus software.
Statistical analysis
Statistical analyses were performed using SPSS version 17.0 (SPSS Inc, Chicago, IL, USA). One-way ANOVA with a posthoc test (Bonferroni test, which compared all pairs of columns) was used to analyze all data. A p<0.05 was used as a threshold for statistically significant differences.
Results

Allopurinol preconditioning reduced renal dysfunction after IRI
Compared with the I/R group, the allopurinol preconditioning group had significantly reduced levels of MPO and increased levels of SOD. Moreover, allopurinol significantly reduced levels of BUN and serum creatine following IRI.
Together, these findings suggest that allopurinol preconditioning might reduce oxidative damage and improve renal function after renal IRI (Figure 1 ). 
Allopurinol preconditioning improved morphological feature after renal IRI
Based on our analysis of H&E stained sections, renal I/R resulted in significant renal injury, including tubular cell apoptosis and medullary hemorrhage. By contrast, allopurinol preconditioning significantly ameliorated this severe renal damage (Figure 2 ). Using the Jablonski scoring scale, 30 min renal ischemia followed by 72 h reperfusion resulted in severe acute tubular necrosis, whereas allopurinol preconditioning could significantly reduce tissue pathology (p<0.05).
Allopurinol preconditioning inhibited apoptosis after renal IRI
Using the TUNEL assay, we found that allopurinol preconditioning treatment reduced I/R-induced apoptosis.
The apoptosis index in allopurinol preconditioning groups was significantly lower than that in the I/R group (Figure 3) . Additionally, the levels of caspase-3 and Bax were significantly increased in the I/R group compared with the sham group, whereas Bcl-2 expression was down-regulated in I/R group (p<0.05). Notably, allopurinol preconditioning treatment reduced the changes in the levels of Bax and caspase-3, and restored the FIGURE 4 -Allopurinol preconditioning inhibited the expression of pro-apoptosis associated molecules and promoted the up-regulation of apoptosis inhibitory proteins in I/R model. (A) Compared with the sham group, levels of caspase-3 and Bax were significantly increased in the I/R group, and Bcl-2 expression was down-regulated in the I/R group. However, allopurinol preconditioning resulted in reduced levels of Bax and caspase-3, and restored the expression levels of Bcl-2. (B-D) Compared with GAPDH expression levels, Bax, Bcl-2, and Caspase-3 expression were determined after allopurinol preconditioning treatment, as shown in A. The amount of inhibition of Caspase-3 and Bax expression were 43.9% and 41.8%, while Bcl-2 expression was increased by 112.6%; * p<0.05 vs. the I/R group; # p<0.05 vs. the sham group.
Allopurinol preconditioning reduces inflammatory marker expression after renal IRI
HMGB1 is a novel marker of inflammation in IRI. Using western blotting and immunohistochemistry, we observed that 
Discussion
A kidney allograft from a donor who died from brain or cardiac death may undergo a longer ischemic time because of unstable hemodynamic circulation 18 . Acute kidney injury prior to donation can also increase primary graft dysfunction and result in delayed graft function. Significant efforts to evaluate the optimal treatment of acute kidney injury prior to donation have been ongoing for many years. Currently, it is thought that expression of Bcl-2 (Figure 4 ; p<0.05). Allopurinol has been used in studies of heart ischemia and reperfusion because of its reported activity to improve IRI of vascular endothelial cells. Allopurinol, an isomer of hypoxanthine, is an inhibitor of XO. Therefore, it may inhibit I/R injury by this mechanism 21 . In our present study, allopurinol preconditioning also restored renal function caused by 30 min IRI (Figure 1 ).
Allopurinol exhibits antianginal activity in a rat model.
In a vasopressin-induced angina model, oral administration of allopurinol exhibited effects that were remarkably analogous to those of amlodipine. Effects on the levels of endothelial NO synthase (eNOS) expression and serum nitrate were the main underlying mechanism 22 . All of these mechanisms can exert similar effects in kidney IRI. Thus, in our present study, levels of MDA and SOD were significantly improved in rats pretreated with allopurinol compared with the I/R group.
Apoptosis is another mechanism that can lead to organ damage throughout the course of renal ischemia/reperfusion.
This observation suggests that a significant component of inflammation could be induced by apoptosis after renal ischemia/ reperfusion injury. Based on morphological analyses, allopurinol preconditioning could improve tubular necrosis, medullary hemorrhage and congestion based on H&E staining (Figure 2 ).
Many studies have suggested that members of the Bcl-2 family, especially Bcl-2 and Bax, are key physiological and pathological regulators of apoptosis that act via the activation of caspase-triggered signaling cascades 23 . Some studies have
shown that oxidative stress could stimulate nuclear factor-kappa B (NF-κB) activation, which has been associated with the rapid transcription of TNF-α and induction of apoptosis. Postcon is known to attenuate myocardial apoptosis and reduce Caspase-3 activity, which may be mediated by the inhibition of the oxidantactivated NF-κB-TNF-α signaling pathway 24 . In our present study, allopurinol preconditioning inhibited pro-apoptosis-associated molecule expression and induced the up-regulation of the inhibitor of apoptosis protein in our I/R model ( Figures 3 and 4) . I/Rinduced tissue injury has been associated with the activation of the MAPK signaling pathways 25 .
The release of high-mobility group box-1 (HMGB1) and other DAMP molecules from dying cells may promote organ dysfunction and inflammation in renal IRI
26
. According to recent reports, UA can induce the extracellular release of HMGB1 and subsequently enhance the production of HMGB1, which can lead to aggravation of the inflammatory response by promoting the translocation of HMGB1 from nucleus to the cytoplasm 14 .
Thus, suppression of UA production during IRI may inhibit the subsequent inflammatory response generated by UA and the subsequent response triggered by HMGB1 nuclear translocation.
In this present study, we also established that the allopurinol preconditioning could inhibited the expression of HMGB-1 ( Figure 5 ).
Conclusions
Allopurinol exhibits protective effects against renal injury induced by renal ischemia/reperfusion. The main underlying mechanism might be related to the inhibition of apoptosis and the nuclear translocation of the inflammatory marker HMGB1. Our findings may provide some evidence for clinical preconditioning with allopurinol to protect renal function. Finally, a HMGB1
inhibition may represent a potential therapeutic strategy for the treatment of ischemia-reperfusion injury.
